A 3-D tomographic inversion of first arrival times of shot profiles recorded by a dense 2-D OBS network provides an unprecedented constraint on the P-wave velocities heterogeneity of the upper-crustal part of the North Marmara Trough (NMT), over a region of 180 km long by 50 km wide. One of the specific aims of this controlled source tomography is to provide a 3-D initial model for the local earthquake tomography (LET). Hence, in an original way, the controlled source inversion has been performed by using a code dedicated to LET. After several tests to check the results trade-off with the inversion parameters, we build up a 3-D a priori velocity model, in which the sea-bottom topography, the acoustic and the crystalline basements and the Moho interfaces have been considered. The reliability of the obtained features has been checked by checkerboard tests and also by their comparison with the deep-penetration multichannel seismic profiles, and with the wide-angle reflection and refraction modelled profiles. This study provides the first 3-D view of the basement topography along the active North Anatolian fault beneath the Marmara Sea, even beneath the deepest part of three sedimentary basins of NMT. Clear basement depressions reaching down 6 km depth below the sea level (bsl) have been found beneath these basins. The North Imralı Basin located on the southern continental shelf is observed with a similar sedimentary thickness as its northern neighbours. Between Central and Ç ınarcık basins, the Central High rises up to 3 km depth below (bsl). Its crest position is offset by 10 km northwestward relatively to the bathymetric crest. On the contrary, Tekirdag and Central basins appear linked, forming a 60-km-long basement depression. Beneath the bathymetric relief of Western High low velocities are observed down to 6 km depth (bsl) and no basement high have been found. The obtained 3-D Vp heterogeneity model allows the consideration of the 3-D supracrustal heterogeneity into the future earthquake relocations in this region. The topographic map of the pre-kinematic basement offers the possibility to take into account the locking depth variations in future geohazard estimations by geomechanical modelling in this region.
. Location map of the SEISMARMARA-Leg1 survey at the North Marmara Trough within the Sea of Marmara. Yellow hexagons are the receivers (OBSs and land stations) of the survey network. Only the land stations used for this tomographic study are shown. Red points are picked shots. Every 1/10 shots have been picked and there is 1500 m distance between two picked shots. Grey contours are the isobaths of 200 m interval of the multi-beam bathymetry acquired by R/V Le Suroit Armijo et al. 2002) within the North Marmara Trough. The submarine faults scarps after Armijo et al. 2002 are represented in black. The black crosses are the nodes of the inversion grid. In the horizontal directions (in x and y), there is 6 km distance between grid nodes. TB, Tekirdag Basin; MI, Marmara Island; WH, Western High; CB, Central Basin; CH, Central High; KB, Kumburgaz Basin; NIB, North Imrali Basin; CIB, Ç ınarcık Basin. The inset shows the tectonic settings of the region after Hergert & Heidbach (2010) .
The Marmara Sea is a marine basin located south of Istanbul (Fig. 1 ). It comprises a shallow shelf to the south and a deeper northern part called the North Marmara Trough (NMT). The NMT is affected by three pronounced bathymetric depressions with depths (bsl) over 1200 m, called from west to east, the Tekirdag, the Central and the Ç ınarcık basins. Three basins are separated from each other by two NE-oriented bathymetric highs called the Western and the Central highs.
The NAF has ruptured during a well-known westwardpropagating earthquake sequence between 1939 and 1999 (Toksoz et al. 1979; Barka 1996; Stein et al. 1997; Nalbant et al. 1998; Pondard et al. 2007) . Currently the western tip of this sequence is located in the Marmara Sea region. The Marmara Sea forms a seismic gap between the Izmit strike-slip segment to the east, which ruptured in 1999 by two destructive earthquakes: Izmit (M w 7.4) and Düzce (M w 7.2) and the Ganos strike-slip segment to the west which ruptured in 1912 Mürefte (M 7.4) earthquake.
Numerous onshore and offshore scientific investigations including geological (Yaltirak 2002; Okay et al. 2004; Sengor et al. 2005; Yilmaz et al. 2010) , seismological (Taymaz 2000; Karabulut et al. 2003; Sato et al. 2004; Taymaz et al. 2004; Vanacore et al. 2013) , GPS (Reilinger et al. 1997; Straub et al. 1997; McClusky et al. 2000; Flerit et al. 2003) , multibeam bathymetry Armijo et al. 2002 , Armijo & the Marmarascarps Cruise Party 2003 , coring and MCS profiles (Ergun & Ozel 1995; Smith et al. 1995; Wong et al. 1995; Aksu et al. 1999; Okay et al. 1999 Okay et al. , 2000 Imren et al. 2001; Le Pichon et al. 2001; Parke et al. 2002; Demirbag et al. 2003; Laigle et al. 2008; Bécel et al. 2009 Bécel et al. , 2010 Grall et al. 2012) have been carried out in the past in the Marmara Sea region. The studies before the 1999 earthquakes were mainly focused on the Marmara Sea basin development. The 1999 earthquakes motivated the scientific community to investigate the northern fault system within the Marmara Sea in order to evaluate its nature and activity. These studies have captured essential elements of the general picture but due to the penetration limitation, they could not provide a detailed image of basement topography in this region. Therefore, until now thickness variations of the brittle part of the crust could not be taken into account in the estimation of the seismic potential of the region. Due to the complexity of the fault system and to the absence of a priori information on the 3-D heterogeneity of the upper-crustal structure, several rupture scenarios with magnitudes varying between M = 7.2 and 7.6 have been proposed for this region (Hergert & Heidbach 2010 , 2011 .
Seismic experiment
The SEISMARMARA-Leg1 seismic survey was a French-Turkish project carried out with the R/V le Nadir, in 2001, after the 1999 Izmit and Düzce earthquakes. Its aim was to investigate the seismic structure and activity of the NMT at the crustal scale. During the survey a total of 2000 km MCS profiles have been acquired. They have an unprecedented penetration due to the 4.5 km length 360 channel digital streamer and to the strength of 8100 or 2900 cu.in. airgun array tuned in single-bubble mode (Avedik et al. 1995 (Avedik et al. , 1996 . Laigle et al. (2008) have identified the boundary between synkinematic sediments deposited after the propagation of the NAF into the Marmara Sea region and the older pre-kinematic strata, called pre-kinematic basement, as a highly reflective interface on the MCS profiles. The study of MCS profiles revealed the general architecture and the upper-crustal structures of the Ç ınarcık and the Central basins and the deep structure of the southern shelf of the NMT. It has shed light on variations of the basement above a gently shallowing Moho mirrored by the top of the lower crust beneath the NMT.
During the survey additional wide-angle data has been recorded by 37 three-component ocean-bottom seismometers (OBS) from ISV Hokkaïdo (Japan) and a same amount of temporary short band land stations with three components. These instruments recorded continuously over 1.5 month (in average) the natural seismicity and shots. OBSs have been deployed and collected by the Turkish MTA's ship Sismik-1. The WARR modelling along 2-D profiles on both, OBS and land stations revealed the deep structure under the NMT itself. It allowed extending the discussion on crustal thinning under the central NMT and quantifying the crustal deformation (Bécel et al. 2009 ). By combining the high resolution pre-stack depth migration of seismic lines for the shallow part with the forward modelling of OBS arrival times of refracted waves within the basement, Bécel et al. (2010) identified the non-reflective crystalline basement which forms the boundary between the pre-kinematic strata and the crust along a set of selected lines.
In this paper, we examine the 3-D P-wave velocity structure of the Marmara Sea through the sedimentary cover down to the crystalline basement by using active source first arrival time data. Due to the spacing between shot profiles, the final 3-D view of the basement obtained by the 3-D first arrival time tomography will be smoother than along 2-D profiles when the basement is seen. However, in the well-cross sampled parts of the NMT, the upper-crustal information provided by the P-wave data reveals the variations of the basement depth in three-dimensions and thus helps to characterize the basement depth which is generally considered as a proxy for the top of the seismogenic zone.
Similar controlled source 3-D first arrival time tomography studies have been carried out in the past with various inversion codes dedicated to this purpose (e.g. Zelt & Barton 1998; Hobro 1999; Koulakov et al. 2007) . One of the specific aims of this study is to obtain a 3-D initial model for the future local earthquake tomography (LET). Hence, for the 3-D controlled source tomography we use the code Simulps dedicated to LET (Thurber 1983 (Thurber , 1993 Eberhart-Phillips 1990 Evans et al. 1994) and which can invert additional shots and blasts that would have been recorded during the survey (e.g. Dinc et al. 2010; Eberhart-Phillips & Bannister 2010; Yolsal-Ç evikbilen et al. 2012) . We present the results obtained with the controlled source data set to infer the supracrustal heterogeneity. In a future stage, the final model obtained by this study will be integrated into the joint inversion of local earthquakes and controlled source data by using the same parametrization and the same code.
Data set
We used the P wave first arrival time data from the shot profiles acquired with the large 8100 cu.in source which has a time window 60 s that allows to pick the first arrival times without being disturbed by the signal of the next shot. The data involves four E-W lines and 13 cross-lines with various azimuths, covering the whole NMT (Fig. 1) . In order to sense the dips of the reflectors, the survey has been designed to have OBSs at crossing points of profiles and land stations placed at the end of the profiles. This geometry is also very suitable for the 3-D artificial shot tomography since all these shots have been recorded by the OBSs, which remained at the sea bottom for 1.5 month. The P-wave data from in-line and off-line profiles cross-sample abundantly the top of the crust and the sedimentary cover of the Marmara Sea.
Shot recordings have been gathered into profiles and analysed on receiver gathers. First arrival times have been picked by analysing them visually. No frequency filtering has been applied for pickings. Each shot profile has been picked on each 35 OBS of the network and on five land stations chosen regarding their positions. Along shot profiles every 1/10 shots have been picked with a spacing of 1500 m between two picked shots. This interval between picked shots is still much smaller with respect to the distance between receivers and between profiles (approximately 10 km), which is one of the parameters to be considered for the medium parametrization by the inversion grid. We considered the first arrival times which correspond to either direct waves for near offset traces or refracted waves within sedimentary layers and the basement depending on the offset. Secondary arrivals such as reflected waves on the basement have not been considered.
First arrival times could be picked until 100 km offsets (Fig. 2) . On the record sections, reflected waves off the Moho (PmP) were visible but not considered since they are not first arrivals. Refracted waves from Moho (Pn) were only observed on the few OBSs located on the southern shelf. The final data set contains more than 16 000 first arrival times, which are mostly refracted waves at the top of the basement within the crystalline part of the crust (Pg). Weights from 0 to 3 have been attributed to first arrival readings according to the signal to noise ratio (Fig. 2 ), which vary with distance due to the attenuation or due to the undesirable noise such as ships, blasts or signals from earthquakes. The standard error of the measurements are assumed to be ±25, 50 and 100 ms corresponding to the quarter of a period, the half of a period and one period for the 1, 2 and 3 weighted shots, respectively. Accordingly, the estimated variance due to the reading uncertainty of the present data set is 0.002 s 2 . The representation of the seismograms in receiver gathers which provide a visual coherence allows the minimization of the picking errors. We also checked the accuracy of the pickings with the principle of inverse return of light on a homogeneously distributed small subset of data (shots located over OBSs).
3 -D I N V E R S I O N O F T H E C O N T RO L L E D S O U RC E DATA S E T
The Simulps algorithm developed by Thurber (1983 Thurber ( , 1993 and Eberhart-Phillips (1990 has been used for the present controlled source first arrival time inversion for 3-D P-velocity structure. The Simulps code is more commonly used for LET studies with the possibility to jointly invert additional controlled source first arrivals. It computes the inverse solution for Vp and Vp/Vs and relocates hypocenters in the updated velocity model using the iterative damped least squares technique. In this study, we chose to start with the shot inversion, since we had recorded too few earthquakes for deriving the tremendous heterogeneity of the upper crustal structure. In this original case, the data set contains only first arrival times of shots with known origin times and locations and thus the only unknown parameters are medium velocities. This configuration offers a more homogeneously distributed data set and there are less unknown parameters than in LET. However, in order to represent accurately the most heterogeneous part of the crust that is the supracrustal structure, consideration has to be given to the medium parametrization during the inversion procedure.
Parametrization of the medium
In the code Simulps medium velocities are defined at the nodes of a 3-D grid, which are located at intersections of three orthogonal Figure 2 . Seismograms of shots along the E-W shot profile (profile 1) which cuts across the middle part of the NMT recorded by the in-line OBS 10 located within the Central Basin. The position map shows the location of the OBS10 (red circle) and the profile 1 (red line). Inset seismograms show signals with different weights varying from 0 to 3. Red arrows on inset seismograms show the first arrival pickings. A velocity reduction of 3 km s -1 is applied for the seismograms of zero weighted shots corresponding here to diving waves in sediments. A velocity reduction of 6 km s -1 is applied for other seismograms. Red rectangles show the location of zooms. A bandpass filter of 3-15 Hz and a constant gain over the whole data set are applied to seismograms. Reflections from the acoustic basement are shown in red line.
planes. Velocities vary continuously in all directions with linear B-spline interpolation. Ray paths are either computed using an approximate 3-D ray tracer with pseudo bending (ART-PB, Um & Thurber 1987) or with shooting method (RKP, Haslinger 1998; Haslinger & Kissling 2001) . For this study both ray tracing methods have been tested and resulting ray paths were nearly identical. Haslinger & Kissling (2001) have shown that indeed the two ray tracing methods yield different ray paths especially for events with larger offsets than 80 km. In this study, to avoid the introduction of artefacts, which may occur due to the mainly horizontal ray sampling in deeper layers, shots with offsets larger than 80 km have not been inverted. Therefore, the ART-PB algorithm, which requires less computational time has been preferred for presented inversions. The choice of other control parameters like the damping, maximum velocity adjustment allowed per iteration and the number of iteration are explained in the Appendix.
The grid node spacing has been chosen to allow uniform distribution of the resolution trough the medium. The interval between grid nodes depends on the survey geometry. The 10 km distance between shot profiles and receivers of the SEISMARMARA survey allows us to have at minimum 6 × 6 km parametrization in horizontal directions (in x and y-axes). Due to the mainly vertical ray propagation at the shallower layers, a denser horizontal parametrization would yield inhomogeneous resolution distribution with under-sampled nodes at the shallower layers. The E-W oriented x-axis of the inversion grid was chosen to be parallel to the NMT borders and to the E-W shot profiles (Fig. 1) . The inversion grid has 40 and 17 nodes in x and y directions, respectively. In depth (along the z-axis), 16 nodes with 2 km spacing between −2 and 26 km depth, and one last node at 100 km depths, with zero value corresponding to the sea level and the values being positive downwards. Accordingly, the depth refers to below the sea level (bsl) here after The present data set of 16 000 first arrival times would allow a denser parametrization in depth. However, with such parametrization, due to the horizontal node interval getting too large with respect to the vertical one the ray distribution would be mainly in one direction.
Grid node velocities at depths greater than 12 km have only been used for the computation of the forward solution. Their velocities have been interpreted from the 2-D refraction profiles and these nodes within the lower-crustal part have been kept fixed during the inversions. Additionally, nodes with a derivative weighted sum (the number of rays normalized by their length and distance to the node), (DWS) <50 at depths <12 km have been kept fixed in order to avoid artefacts due to the low cross-sampling.
The choice of initial velocity model
Previous MCS (Laigle et al. 2008 ) and WARR 2-D (Bécel et al. 2009 profiles have revealed depth variations of the basement of up to 7 km between the NMT and its surroundings. They also revealed variations of 2 km occurring in distances smaller than 4 km within the trough itself, in a non-cylindrical way along the NMT axes. A tomographic inversion with a 3-D initial model is more appropriate than a 1-D or even 2-D models to represent such variations. However, the accurate representation of such a medium onto a 3-D initial model requires a good a priori knowledge of the topography of the main interfaces, which is not the case everywhere in the NMT since we have only constraints on the basement depth along localized profiles. An unrealistic 3-D initial model may lead to a worse solution than a 1-D model since it may bias the solution in a specific way (Kissling et al. 1994) . Therefore, despite the expected large amplitude of the velocity perturbations, we have first tested several 1-D initial models in order to have a feeling of the physically possible solutions.
Two of the tested 1-D initial models representing different parts of the Marmara Sea are shown in Fig. 3 . One of them represents the velocities within the NMT itself (called the 'NMT model' hereafter), whereas the other one represents the velocities of its margins. In the NMT model the acoustic (corresponding to the P-wave velocity of 4.5 km s -1 ) basement is nearly at 4 km depth. This could be seen as an average basement depth between the deep basins and the basement highs. In the margin model, it is at 1 km depth representing the basin borders where the pre-kinematic basement outcrops.
Inversion tests with 1-D initial models have been run with a subset of data containing the first arrivals with smaller offsets than 50 km. Larger offset arrivals have not been inverted to avoid artefacts due to the mainly horizontal ray propagation (without ray crossing) at deeper layers. Given that 50 km is much larger than two times the interval between OBSs and between shot profiles (∼10 km), rays within this offset limit have been judged large enough for having abundant ray crossing at the supracrustal part. This subset of data contains more than 11 000 P-wave first arrival times.
After having analysed the damping value and the required number of iterations (see the Appendix for the choice of control parameters), a six-iteration inversion with a damping of 70 has been run with the NMT model whereas the 'margin model' needed 17 iterations with a damping value of 500. Inversions with both models lead to very high reduction in data variance (the NMT model: 96.5 per cent and the margin model 99.2 per cent) and the final data variances are 0.02 and 0.03 s 2 for trough and margin models, respectively. Surprisingly, regardless the fact that the two chosen initial model are very different, in the centre of the study volume the retrieved solutions are very similar (Figs 3c and d) . Both inversions have constrained the main structural elements of the Marmara Sea. However, none of the two inversions led to a realistic solution at the NMT borders located outside of the network. On the results with the trough model, the offshore nodes at NMT borders and the onshore ones appear with too low and unrealistic velocities. On the contrary, due to the sparse ray sampling, the margin model yields artefacts with very high velocities (<8 km s -1 at 2 km depth) at the northern border of the Ç ınarcık Basin. Both inversions ended up with very large perturbations with respect to the initial model reaching up to 50 per cent at shallower layers (Figs 3e and f) . In some other geodynamical contexts such large perturbations could be considered as artefacts but in the Marmara Sea they were expected, because a unique 1-D initial model cannot represent the velocities of the NMT borders with an outcropping basement as well as the velocities of the NMT itself. Such large perturbations may produce some leakage at the under resolved part of the medium and consequently they may perturb the retrieved basement topography. Therefore, before any interpretation, the assessment of the reliability of the retrieved structure is considered and established hereafter.
Q UA L I T Y A S S E S S M E N T
An inversion with synthetic first arrival times computed through a characteristic model is run in order identify the well-resolved nodes on the results and to quantify the amount of leakage. The characteristic model, as described by Haslinger et al. (1999) ; Husen et al. (2000) contains anomalies of a similar size and amplitude as the real ones but with different strikes, shapes. Inverse signs have been considered in the specific case of earthquakes where the ray paths are less certain due to the unknown source locations. For the present synthetic test, a characteristic model is prepared by perturbing the 1-D trough model at 4 and 6 km depths with anomalies which amplitudes and shapes are similar to the real structure (Fig. 4) . In order to identify the amount of leakage, the other layers have not been perturbed and the anomalies injected at 4 and 6 km depths are not continuous in depth, they have different shapes. The injected anomaly amplitudes decrease with depth as observed for the real anomalies. At 4 and 6 km depth they are up to 30 and 20 per cent, respectively.
The synthetic first arrival times computed through this model are inverted with the NMT model by using the same control parameters as the real inversion. The synthetic inversion results are compared with the injected pattern (Fig. 4) . At 4 and 6 km depths, besides the westernmost part of the study area, the injected pattern is totally retrieved beneath the shot and receiver network. The lack of the resolution at the westernmost part of the study area is due to the failure of OBS 13. We analysed the resolution matrix of the synthetic inversion. The thresholds values of the diagonal element of the resolution matrix (RDE) and the spread function (SF ; Michelini 1991; Michelini & McEvilly 1991) have been chosen by identifying the nodes where the injected pattern is accurately retrieved and by discarding the ones where the leakage is up to 10 per cent. The shapes of the contours of RDE and SF threshold values of the synthetic inversion are exported on the real inversion. RDE and SF values of the nodes remaining within the exported contours are analysed and the threshold values of the real inversion are estimated by this analysis.
The synthetic inversion showed that, some leakage reaching up to 10 per cent can be observed by starting the inversion with a 1-D model. Moreover, due to the lack of cross-sampling, none of the 1-D models yield a realistic solution beneath the NMT margins. These inversion tests with 1-D initial models pointed out the need to use a 3-D initial model since we aim at using the resulting model for other applications (e.g. as initial model for the earthquake relocation and for the geomechanical modelling studies), which need reasonable velocities even in areas of low seismic resolution.
E L A B O R AT I O N O F T H E 3 -D a pri ori V E L O C I T Y M O D E L
We developed an approach to build a realistic 3-D initial model by introducing the available a priori structural information that is the topography of the main interfaces: the seafloor bathymetry, the pre-kinematic and the crystalline basements and the Moho.
The detailed map of seafloor bathymetry covering the whole NMT was available from a previous multibeam survey Armijo et al. 2002) . For the northern and southern shelves of the NMT at depth between 0 and 100 m, a seafloor depth of 100 m has been considered. Velocities of the sedimentary infill, from the sea-bottom deposits (1.6 km s -1 ) down to the base of the Pliocene-Quaternary syn-kinematic sediments (3.9 km s -1 ), have been provided by the velocity analysis along the MCS profiles (Laigle et al. 2008; Bécel et al. 2010) .
Topographies of the pre-kinematic and crystalline basements have been provided from the MSC and WARR profiles (Bécel 2006; Laigle et al. 2008; Bécel et al. 2009 Bécel et al. , 2010 . This a priori information was only available along a set of 2-D profiles with different azimuths. Additional information on the depth of basement below the OBSs have been obtained by analysing two-way traveltimes (twt) of the reflected waves at zero offset ( Fig. 2 ) and the basement depth have been approached by transforming the twt, in depth with an average velocity of 3 km s -1 for the whole sedimentary thickness. When the pre-kinematic basement topography was not available either by the previously studied 2-D profiles or by the zero offset reflections, the results of the previous inversion with the 1-D margin initial model have been used to fill the gaps. Obviously, tomographic results have only been considered at the well-resolved areas confirmed by the synthetic tests. Once the a priori topography has been established, the pre-kinematic and the crystalline basement interfaces have been represented in the 3-D initial model by velocity steps from 3.9 to 4.5 km s -1 and from 4.9 to 5.7 km s -1 , respectively. For the nodes located onshore we have considered the structural information provided by the geological map of the Marmara Sea region (Yaltirak 2002; Yilmaz et al. 2010) . Accordingly, besides its northwestern part which corresponds to the Thrace Basin, the surroundings of the Marmara Sea with an outcropping Pre-neogene basement are represented in the 3-D model with crustal velocities (5.7 km s -1 ) at 0 km depth. The Thrace Basin, which is located at the north-western part of the region, is considered as being the fore-arc basin of the Intra-Pontide collision (Sengor et al. 2005) and it is covered by thick Early Miocene-Early Pliocene detritic sediments. In the 3-D initial model, the sedimentary cover of the Trace Basin has been locally represented with lower velocities (∼4 km s -1 at 0 km depth) injected beneath land stations located into the basin. Since land stations are far from the shot network of the survey (at offsets larger than 40 km), the rays corresponding to the shots recorded by these stations propagate mainly into the deeper layers where the velocity variations are smaller. It is only immediately below stations that the corresponding rays propagate vertically within the sediments of the Thrace Basin. The injected velocities have been decided by analysing the a priori residuals of these stations.
The Moho depth beneath the NMT (at 26 km depth) has been provided by WARR modelling study along two regional E-W profiles and a N-S profile (Profile 5) from the far offset recordings on land stations (Bécel et al. 2009 ). The Moho interface has been represented by a velocity step from 7 to 8 km s -1 into the 3-D initial model.
Along every constant x-axis of the 3-D inversion grid, 2-D crosssections have been compiled by the combination of the abovementioned information. At each node position along the 2-D constant x-axis cross-sections, velocities have been resampled in the depth with 2 km intervals corresponding to depths of nodes along the z-axis of the 3-D grid (Fig. 5) .
In order to check the representation of the topography of interfaces into the 3-D inversion grid, the iso-velocity contours corresponding to velocities at both sides of the injected interfaces have been plotted and compared to the 2-D refraction profiles of Bécel et al. (2010) (Fig. 5 ). For each injected interface an iso-velocity contour that can be used as visual guide for the interpretation of the results has been identified. This analysis has shown that the 4.2 and 5.2 km s -1 iso-velocity contours represent accurately the topography of the pre-kinematic and crystalline basements, respectively. This verification has also shown that due to the interpolation between nodes, the zones where the pre-kinematic basement outcrops beneath a thin water layer cannot fully be represented by the actual inversion grid with 2 km node interval along the z-axis (Fig. 5) . During the interpretation of the results we will be careful to such systematic errors and we will refer to this specific case with the appellation 'the shallow sea-bottom and the outcropping basement case'.
Thanks to the accurate representation of on-shore velocities with this 3-D initial model, first arrival time picking from five landstations has been added into the inverted data set to improve the resolution at the borders of the NMT, especially at the westernmost part of the study volume. The inversion has been run by considering first arrival times of shots of up to 80 km offsets. The a priori residuals with the 3-D model are on the order of one second, significantly smaller than with 1-D models (trough model: ±2 s and margin model: −0.5 to 3.5 s). Before the inversion with the 3-D initial model the analysis for the damping and the required number of iteration has been repeated with the larger data set (see the Appendix). Accordingly, an inversion of 4 iterations with a damping value of 150 has been run. During this inversion, the nodes with low cross-sampling and consequently with low resolution which have been identified by the previous synthetic test have been kept fixed.
They have only been used for the computation of the ray paths and the travel times along the paths.
At 2 km depth, final perturbations with respect to the 3-D initial model are only locally up to 15 per cent. The average perturbations with respect to the 3-D initial mode are −6.7/8, −3.66/7.87 and −3.26/5.53 per cent at 2, 4 and 6 km depths, respectively (S2). The inversion produces 74 per cent of reduction in the data variance and the final data variance is 0.02 s 2 , which is still larger than the expected variance due to the reading error (0.002 s 2 ).
R E S O L U T I O N T E S T A N D C O M PA R I S O N W I T H 2 -D M E T H O D S

Checkerboard test
In order to check the spatial resolution of the actual data set we performed a checkerboard test as defined by, Zhao et al. (1992) , Lévèque et al. (1993) , Spakman (1993) , Benz et al. (1996) , Zelt & Barton (1998) , Zelt et al. (2001) and Tong et al. (2003) . We chose the amplitude and the size of the anomalies in the checkerboard pattern by analysing the a posteriori percentage perturbations with respect to the 3-D initial model of the real data inversion (Fig. 6a ). Accordingly we run the synthetic test with a checkerboard pattern containing blocks of 12 km × 12 km × 6 km dimensions alternating high and low velocity anomalies of ±5 per cent amplitude (Fig. 6b , see also Figs S3 and S4). The checkerboard pattern has been injected at 2, 4 and 6 km depths. The nodes at 0, 8 and 12 km depths are not perturbed for the identification of the possible leakage which may occur due to the ray sampling that could be mainly in one direction (without cross sampling) at these depths. To simulate the real conditions, a random noise in the same order as the real travel time residuals has been added to the synthetic first arrival times. Beneath the area covered by the shot and receiver network, the injected checkerboard pattern is accurately retrieved with amplitudes similar to injected ones. The slight decrease at the amplitudes of the retrieved anomalies with respect to injected ones is due to the conservative (high) value of the applied damping factor. Although additional data from the land stations increase the ray sampling, this part of the study volume remains less well resolved compared to the rest of the 3-D volume. As done for the previous inversions with 1-D initial models, accurately resolved nodes are identified by comparing synthetic inversion results with the injected checkerboard pattern. On the following inversion results, the contour of 0.2 and 0.05 of the RDE will be plotted on the results in order to represent the zones where the resolution is good and acceptable, respectively. The area with lower RDE values than 0.05 will not be interpreted.
3-D P-wave velocity heterogeneity
The map view of 2, 4, 6 and 8 km depths of the 3-D Vp heterogeneity model obtained by the controlled source inversion is shown on the Fig. 7 . The NMT and its borders appear with contrasted velocities. Within the three deep basins of the Marmara Sea (seafloor depth >1200 m) low P-wave velocities corresponding to the sediments (1.8-4.2 km s -1 ) are observed down to 6 km depth. The North Imralı Basin located on the southern platform, southwest of the Ç ınarcık Basin, appears also with sedimentary velocities down to at least 4 km depth. The seafloor depth is only 400-500 m in this basin. Thus, the sedimentary thickness within this basin appears to be nearly as thick as its northern neighbour. The North Imralı and the Ç ınarcık basins are separated from each other by an E-W basement at 4 km depth. To the north, the high velocities of the Central High are bounded by a narrow zone of low velocity, which is approximately located beneath the seafloor trace of the NAF. This negative anomaly is best observed on the slice map at 4 km depth with a velocity of 4 km s -1 contrasting with the 5.5 km s -1 of velocity of the Central High. A similar narrow zone of low velocity is observed south of the Central High, also with a velocity of 4 km s -1 at 4 km depth. Contrarily to the Central High, the Western High does not appear as a velocity contrast between the Central and the Tekirdag basins. It can only be identified on the high-resolution bathymetric map (Fig. 1) . Beneath the bathymetric expression of the Western High low velocities have been observed down to 6 km depth. This suggests that the Western High is not a basement high but it is a relief formed by the sediments. The Central and the Tekirdag basins appear thus linked, forming a 60-km-long zone of low velocities.
In the following, the above mentioned findings will be discussed along vertical cross-sections where the tomographic results are compared with the 2-D WARR and MCS profiles. Some of MCS profiles acquired during the SEISMARMARA survey leg-1 have been depth migrated (Laigle et al. 2008; Bécel et al. 2009 Bécel et al. , 2010 . The vertical velocity filed used for the depth migration of MCS profiles consists in the velocities of successive layers in depth. Such velocity field may contain velocity inversions due to the low velocity layers. But in the refraction studies velocities increase smoothly in depth and the low velocity layers are not considered. In order to avoid a biased comparison, we do not directly compare the depth migrated MCS profiles with the tomographic results but we will transform the tomographic results in twt in order to compare them with the MCS profiles (e.g. White et al. 2008) .
Eastern third of the study volume: Ç ınarcık and North Imralı Basins:
The N60 o E oriented high resolution seismic profile SM36 is orthogonal to the NE border of the Ç ınarcık Basin to the north and it cuts across eastern part of the North Imralı Basin to the south (Figs 8a and  b) . On the tomographic results (Fig. 8a ) the 4.2 km s -1 iso-velocity contour reflects the basement expressions of the Ç ınarcık and the North Imralı basins as well as the basement high, which forms the southern border of the Ç ınarcık Basin and separates the two basins. The NE border of the Ç ınarcık Basin is marked by a lateral velocity contrast, which happens within 6 km distance and it can be observed down to 6 km depth. On the time section superimposed on the MCS profile (Fig. 8b) , the location of this velocity contrast corresponds to the NE boundary fault of the basin imaged by MCS (Fig. 8b) . The 4.2 km s -1 iso-velocity contour is globally similar to the basement topography imaged by the MCS and this similarity confirms the reliability of the results of both methods. However, the 4.2 km s -1 iso-velocity contour appears less steep than the NE boundary fault imaged on the MCS. The difference between two images is due to the tomographic grid parametrization. The present grid undersamples in depth and in map this so sharp vertical (the shallow sea-bottom and the outcropping basement case) and lateral (the nearly vertical fault case) change in structural units. This aspect must be considered during the interpretation of the results.
The southern border of the Ç ınarcık Basin is also marked by a lateral velocity contrast. Along the superimposed section (Fig. 8b ) the 4.2 km s -1 iso-velocity contour remains nearly 1s twt deeper than the outcropping basement observed on the MCS profile (Fig. 8b) . When the letter is deeper than 1 km depth, its topography is perfectly retrieved as seen on the profile SM 8 (Fig. 8d) , which samples the western part of this basement high.
Within the Ç ınarcık Basin low velocities corresponding to the sediments reach at least down to 4 km depth (Fig. 8a) . The northward dipping shallow iso-velocity contours retrieved by the tomography are consistent with the northward fanning of the sedimentary deposits imaged on MCS (Fig. 8b) . This suggests that sediments deposited above a subsiding basement are controlled by the NE boundary fault of the Ç ınarcık Basin, which has a normal component. It may still be active but the images do not allow to confirm or to reject this aspect.
The N35 o E oriented SM8 cuts the eastern part of the North Imralı Basin to the south and the central part of the Ç ınarcık Basin to the north. The 4.2 km s -1 iso-velocity contour reaches down 3.75 km depth beneath the North Imralı Basin and to 5 km depth beneath the central part of the Ç ınarcık Basin (Fig. 8c) . On the time section superimposed to SM8 (Fig. 8d) , the 4.2 km s -1 iso-velocity contour fits clearly the basement topography retrieved by the MCS all along the profile. This profiles confirms that the sedimentary thickness within the North Imralı Basin is on the same order of magnitude than for the Ç ınarcık Basin. Within the North Imralı Basin, the southward dipping shallow iso-velocity contours are consistent with the southward fanning of the sedimentary deposits imaged by the MCS. These two tomographic sections (SM36 and SM8) confirm the opposite dipping of the basement under the Ç ınarcık and the North Imralı basins as proposed by Laigle et al. (2008) from the study of MCS profiles.
The margin of the southern continental shelf and the central high
The margin of the southern continental shelf
Along the southernmost E-W regional profile sampling the southern margin of the NMT (seafloor depth ∼100 m) tomographic and WARR modelling results show a thin sedimentary cover and a succession of basement depth variations of 1 km, although the second retrieves the basement depth systematically 1 km shallower (Fig. 9a) . A similar shift is also observed at depth for the crystalline basement. The misfits between the observed and calculated travel times of both methods are in the same order and do not exceed 0.2 s. The quality estimators indicate good resolution at the eastern and westernmost part of this tomographic cross-section even if this profile remains at the limit of the zone covered by the network. The observed basement depth difference between two methods may be due to the consideration of the 3-D ray propagation in the 3-D tomography or to the consideration of secondary arrivals in the WARR modelling. It can also be due to the interpolation between the grid nodes as in the 'shallow sea bottom and outcropping basement' case.
For the eastern third of the profile, the 4.2 km s -1 iso-velocity contour fits very well the MCS-retrieved basement reflector which deepens smoothly from 1.2 s twt at the easternmost part of the profile, to 2.8 s twt towards the central part of the profile (Fig. 9b) . At the western part of the profile, contrarily to WARR modelling, the MCS-retrieved pre-kinematic basement remains deeper than the iso-velocity contour of 4.2 km s -1 . At the westernmost part of the profile the 4.2 km s -1 iso-velocity contour fits the shallower part of the detachment imaged by Laigle et al. (2008) and Bécel et al. (2009) . This reflector which is visible down to 7 s in twt on the MCS profile has been interpreted as an intracrustal detachment by the authors because of its larger dip than the expected dips for the lithological boundaries and its reverse polarity on the seismic image. The information concerning the shallower part of this detachment was included to the 3-D initial model and the inversion does not modify this a priori information. Over the detachment, the MCS profile reflects a succession of tilted basement blocks. Contrarily to WARR modelling, the MCS retrieved basement is deeper than the tomographic one. However, due to the small scale of tilted basement blocks, the 3-D tomography onto 6 km × 6 km inversion grid does not fully capture this complex lateral heterogeneity.
Central high
We compared the tomographic result with the N-S cross-section, OBS-line 5 and with the corresponding MCS profile, SM5 which sample the western part of the Kumburgaz Basin, the Central High and the southern shelf (Fig. 10) . The basement expression of the Central High is located between two basement depressions and it rises up to 3 km depth along this profile. The crest position of the basement is not located beneath the bathymetric Central High but it is 5 km northward, at the latitude 40 o 50'. The two basement depressions appear as topographic variations of 1 km occurring from one node to another. The crystalline basement topography is also affected by these variations. The northern depression is approximately located beneath the seafloor trace of the NAF and corresponds to its basement expression where, pre-kinematic and crystalline basements reach down to 3.75 and 5 km, respectively. The velocity contrast between the northern shelf and the northern depression indicates that the NAF has or have had an extensional component at this location. Beneath the southern depression, which corresponds to the western continuation of the Ç ınarcık Basin (Carton et al. 2007; Bécel et al. 2010) , the pre-kinematic and the crystalline basements are slightly shallower than beneath the northern one.
Even if the WARR modelling results have been used as a priori information into the 3-D initial model, the 3-D tomography retrieves a smoother pre-kinematic basement topography than the initial one. The quality estimators indicate good resolution at this part of the study volume. The retrieved smoothed topography is thus due to small wavelength and high amplitude lateral velocity heterogeneity of the region sampled by this profile. A test inversion with a shifted grid has shown that the small wavelength heterogeneity cannot be fully represented by the actual inversion grid and that the places of the grid nodes have an influence on the retrieved anomalies. Nevertheless, the comparison of the tomographic result with the SM5 (Fig. 10b) shows that the image retrieved by the tomography is reliable. It provides a smoother version of the real tomography.
The western third of the Marmara Sea: the Central and the Tekirdag basins
The Central basin
On the tomographic and WARR modelling results along N-S oriented OBS-line three across the deep Central Basin, northern and southern basin borders appear asymmetrical (Fig. 11 ). However two methods retrieve different basement topographies. WARR modelling retrieves a flat-bottomed basin at of 8 km length at 7 km depth whereas the tomography retrieves a basin bottom at 6 km depth with basin borders separated from each other by a distance of 3 km at this depth.
The time section superimposed on the corresponding seismic line, SM46 confirms that the 3-D tomography captured accurately the places of the basin bounding faults (F1, F2) as lateral velocity contrasts (Fig. 11d) . The 4.2 km s -1 iso-velocity contour is affected by these faults suggesting that they reach down to the pre-kinematic basement. In the central part of this profile (at the CDP 3900 on Fig. 11d) , the tomographic result indicate a basement depression which is located at the prolongation in depth of the MCS retrieved intra basin fault F4. This suggests that F4 affects also the basement. At the southern half of the profile (between the CDP 2900 and 3500), the northward dipping shallow iso-velocity contours are consistent with the dip of sedimentary depocentres imaged by the MCS. The MCS-identified fault F5 which interrupts the continuous stratification between F2 and F4 is not captured by the 3-D tomography due to its small wave length, due to the fact that it does not affect the basement or it does not have significant vertical throw. At the northern part of the profile, between the F1 and F3, shallower iso-velocity contours are consistent with the southward dipping of sedimentary deposits imaged by MCS. However the tectonized region corresponding to the fault F3, between the CDP 4500 and 4000, is not observed on the tomographic image neither as a basement depression nor as northward dipping of shallow iso-velocity contours.
The Tekirdag basin
On the map view of the inversion results Tekirdag Basin appears with sedimentary velocities down to 4 km depth at its western part, and down to 6 km depth at its eastern part. On the seafloor Figure 10 . The 3-D tomographic result along N-E OBS-line five which cuts across the northern shelf, the western part of the Kumburgaz basin, the Central High and the southern shelf. Yellow circles represent OBSs along the profile. The seafloor bathymetry is represented in blue line. 4.2 km s -1 (in green) and 5.2 km s -1 (in blue) contours are used as visual guides for pre-kinematic and crystalline basements, respectively. Solid and dashed white contours represent areas with fairly and good resolution, respectively. Two red contours are pre-kinematic (top) and crystalline (bottom) basements resulting from the WARR modelling (Bécel et al. 2009.) topography the Tekirdag and the Central basins (seafloor depth >1200 m) appear separated by the NE oriented Western High (seafloor depth <500 m). However, the E-W profile which cuts the deeper part of the three basins shows that in depth the Tekirdag Basin is linked with the Central Basin (Fig. 12) forming a large basement depression of 66 km and there is no evidence of a basement high corresponding to the Western High which is only observed on the seafloor topography.
D I S C U S S I O N S
The map of the pre-kinematic basement topography and the sedimentary thickness
Up to now the only 3-D view of the Marmara Sea was the highresolution bathymetric map of Le and Armijo et al. (2002) . The present 3-D tomographic inversion allowed us to derive the 3-D Vp heterogeneity of the Marmara sea's supracrustal part and to obtain the first fully 3-D view of the second major interface beneath the Marmara Sea that is the pre-kinematic basement (Fig. 13a) .
The basement map is obtained by extracting the iso-velocity surface of 4.2 km s -1 from the 3-D Vp heterogeneity model. Hence it has the same resolution as the 3-D Vp heterogeneity model, which is defined on the grid nodes with 6 km interval in the horizontal directions and 2 km in the vertical direction. The basement map gives insight about basement expressions of the Marmara Sea's bathymetric elements. Before any interpretation, orientations and dips of these elements must be analysed carefully. The fact that the inversion provides a smoothed view of the real basement topography and that places of grid nodes have an impact on the locations of retrieved anomalies must be keep in mind.
The map of the pre-kinematic basement topography together with the high-resolution bathymetric map allowed us also to derive the map of the sedimentary thickness of the NMT. The seafloor depth is subtracted from the depth of the pre-kinematic basement at the locations of the inversion grid nodes. Sedimentary thickness values are interpolated linearly between grid nodes. The obtained map of the sedimentary thickness has similar resolution as the map of the basement topography. Carton et al. (2007) have provided a similar map of the sedimentary thickness for the Ç ınarcık Basin by studying very densely spaced MCS lines of the second leg of the SEISMARMARA survey. The present sedimentary thickness map has a lower resolution. However, the refraction data from profiles shot with the larger source and with a larger shot interval offer larger penetration in depth which is necessary to approach the sedimentary thickness by retrieving the basement depth continuously overall NMT, even beneath the deep sedimentary basins.
Two distinct sedimentary deposits within the Ç ınarcık basin
The Ç ınarcık Basin appears with a maximum sedimentary thickness of 4.5 km (Fig. 13b ) which is consistent with the previous observation of Okay et al. (2000) who proposed 4 km of sedimentary thickness, likely to consist of Pliocene-Quaternary syn-kinematic sediments. Within the Ç ınarcık Basin we observed two distinct zones where the sedimentary thickness reaches up to 4.5 km. One of them is located at the widest part of the sea-bottom expression of the Ç ınarcık Basin, southwest of the bend of the northern escarpment. The second one is eastwards, at the hanging wall of the southern bounding fault, just north of the en echelon structure imaged at the seafloor morphology (Fig. 13) . Carton et al. (2007) have observed the first sedimentary accumulation as being the deepest part of the basin, with a sedimentary thickness of 5-6 km by considering an average velocity of 2-2.5 km s -1 for the sedimentary cover. Based on the sedimentary thickness getting thinner eastwards, authors have proposed an eastward migration over time of this depocentre that they considered as the oldest part of the basin. Within the second depocentre Carton et al. (2007) observed a sedimentary thickness of 4.5 km, which is consistent with the present results. The sedimentary thickness difference observed within the first depocentre could be explained by the limited confidence on reflection profiles at the western and deeper part of the Ç ınarcık Basin (Carton et al. 2007) . Alternatively, if the thickest part of this depocentre is not located near by a grid node, the tomography may retrieve a smoothed basement topography which would yield a lower sedimentary thickness at this location. The subsidence and deformation history on a large-scale lower structure comprising the Ç ınarcık and the North Imrali basins may form these two distinct depocentres within the Ç ınarcık Basin.
The transition region between the Ç ınarcık and the Central basins
In the region comprising the eastern tip of the Central Basin, the Central High, the Kumburgaz Basin and the western tip of the Ç ınarcık Basin, that we called transition region, the seafloor topography is not mirrored by the basement topography. We observed a NE-SW oriented basement high which rises up to 3 km depth on a 18 km large zone that is located between two deep basins (Fig. 13a) . The crest position of this basement high is approximately 10 km northwestward than the bathymetric crest of the Central High. To the west, it appears interrupted by the eastern border of the Central Basin of N40 o E orientation where the basement deepens 1 km abruptly, within 6 km distance (Fig. 13) . To the north, it is interrupted by a narrow basement depression of 4 km depth, which is also seen on the OBS-line and SM5 (Fig. 10) . This E-W oriented northern basement depression follows approximately the seafloor trace of the NAF of N80 o E orientation. An inversion test carried out with a rotated inversion grid confirmed that the E-W orientation of this basement depression is not imposed by the orientation of inversion grid nodes although places of grid nodes affect slightly the places of retrieved anomalies. This depression appears to be linked by the Central Basin to the west and it stops before to reach beneath the bathymetric expression of the Kumburgaz Basin to the east. There is no tomographic evidence of a basement depression beneath the bathymetric expression of the Kumburgaz Basin. This can be due to the small size of this basin, which might be too small with respect to the node interval. The basement expression of the Central High is limited by the western part of the Ç ınarcık Basin to the east. Here, the basement deepens more gradually with respect to the western part.
An important new finding is the second narrow basement depression, which is observed southwestward of the Central High. This nearly 4 km depth E-W oriented depression has a similar from as the northern one, which corresponds to the basement expression of the NAF. This southern narrow depression may be related with the normal faults which limit the tilted basement blocks located over the intracrustal detachment which have been imaged on the southern E-W MCS profile by Laigle et al. (2008) (Fig. 9b) .
These tilted basement blocks have also been imaged along a set of transect MCS profiles sampling the zone from the western part of the southern shelf, to the southern parts of the Western High and the Central Basin as southward dipping reflections (Laigle et al. 2008; Bécel et al. 2009 ). On the map of the basement topography (Fig. 13a) or on the tomographic cross-sections sampling this zone (Figs 9 and 11), there is no evidence of such tilted basement blocks. Instead, the basement depth increases continuously from the southern border of the NMT to the deeper part of the Central Basin. Bécel et al. (2009) have inferred a block size of 17 km and a block height of 1 km by analysing crest position of the western block (called block a) along a set of MCS profiles with different azimuths. The absence of these tilted blocks on the map of the basement topography may be due to their small height, which is smaller than the vertical node interval of the grid (2 km).
The Western third of the Marmara sea
At the deeper part of the Central Basin, the map of the basement topography indicates a basement depth of more than 6 km and a maximum sedimentary thickness of 5.5 km. On the seafloor topography this basin appears to be limited to the west by the Western High and to the east by the Central High. However the map of the basement topography has major differences with the seafloor topography. Beneath the bathymetric expression of the Western High there is no evidence of a corresponding basement high. But instead, the basement appears at 6 km depth, as deep as beneath the Central Basin itself. The absence of basement high related to the Western High suggests that the western high is a relief formed by the sediments. The Tekirdag and the Central Basins appear thus linked, forming one large basement depression whose deepest part is located beneath the Central Basin and Western High. This suggests that both basins developed under the same mechanism. The orientation of this elongated rhomboidal basement depression of nearly 60 km length and 20 km width is N80 o E, similar to the orientation of the seafloor trace of the 'Main Marmara Fault' proposed by Le . The northeastern corner of this depression is linked to the narrow basement depression which cuts across the Central High and which is also located beneath the seafloor trace of NAF.
A priori information for further geophysical applications
The obtained upper-crustal Vp heterogeneity model of the Marmara Sea provides a realistic initial model for the LET. The limited number of earthquakes recorded by the SEISMARMARA network did not allow us to derive the supracrustal heterogeneity of the Marmara Sea by LET. Occurring at depths within brittle part of the crust, earthquakes do not usually provide enough cross-sampling to constrain the very heterogeneous upper-crustal part. The controlled source data obtained by air-gun shots at the sea level provide a better cross-sampling at the upper part of the crust. Furthermore, the controlled source inversion includes less unknown parameter than LET studies and it offers a more homogeneous resolution distribution. In a region where the thickness of the sedimentary cover varies by several kilometres, the use of 3-D upper-crustal Vp heterogeneity model obtained by this controlled source inversion, as an initial model in LET may improve the earthquake relocations. The code Simulps used for the controlled source inversion allows now to include the P and S arrivals of local earthquakes recorded by the network into the inverted data set for the joint relocation of the earthquakes and inversion for Vp and Vp/Vs structure with the same code and with the same inversion parameters.
The resolution of the 3-D Vp heterogeneity is achieved for the whole thickness of the sedimentary domain down to the top of the crystalline crust. The final Vp pattern allowed us to obtain the first 3-D view of the pre-kinematic basement beneath the Marmara Sea. Up to now, owing to the absence of such information, the geomechanical modelling studies did not take into account the variations of the seismogenic zone along the active faults of the Marmara Sea. However, the present map of the basement topography has shown that between the deep sedimentary basins and the basins borders with outcropping basement, the basement depth vary sometimes more than 5 km. This implies variations of the same order into the size of the seismogenic zone along the active faults. The present map of the basement topography offers the possibility to take into account these large variations into the geomechanical modelling for geohazard estimations.
C O N C L U S I O N S
Here we obtained the 3-D Vp velocity structure beneath the North Marmara Trough by a controlled source first arrival time tomography. Several 1-D initial models were first tested in order to have a hint of the physically possible solutions. All tested 1-D initial models yield very high a priori residuals (S1) and test inversions with these models yield large reduction in the data variance. Regardless to the 1-D initial model, the main structural elements of the NMT were retrieved beneath the zone covered by the shot-and receiver network. However, 1-D models produced unrealistic velocities in low-resolution areas. Moreover, due to the very high velocity perturbations (>30 per cent) with respect to 1-D initial models, some leakage of up to 15 per cent were observed at the under-resolved areas showing that 1-D initial models are not appropriate to represent the complex upper-crustal structure of the Marmara Sea. Therefore, a 3-D initial model was built up by introducing the available a priori information about the topographies of main interfaces that are the seafloor bathymetry, the pre-kinematic and the crystalline basements and the Moho. The inversion results with this 3-D initial model were presented after the validation of the reliability of retrieved anomalies by checker-board tests (Figs 6 and S4) , and compared to the results obtained with other methods (wide angle and multichannel seismic results).
The final 3-D Vp model indicates velocity contrasts occurring between two nodes (in 6 km distance) at the borders of NMT. Within the three deep basins of the Marmara Sea (seafloor depth >1200 m), sedimentary velocities (1.8-4.2 km s -1 ) are observed down to 6 km depth.
Beneath the North Imrali Basin located on the southern platform (seafloor depth ∼400 m), the basement depth appears as 4 km suggesting that the sedimentary thickness within this basin is comparable to the ones of its northern neighbours. The North Imrali and the Ç ınarcık basins are separated by an E-W basement high, which rises up to 3 km at its western part and crops out at its eastern part. Within the Ç ınarcık Basin, the pre-kinematic basement depth locally reaches up to 5 km and two distinct depocentres are imaged with up to thicknesses of 4 km.
The basement expression of the Central High rises up to 3 km depth. Its crest position is offset by 10 km northwestward relatively to the bathymetric crest. To the north, the Central High is interrupted by a N80
• E oriented narrow basement depression of 4 km depth corresponding to the basement expression of NAF. This basement depression stops before to reach the Kumburgaz Basin. Most probably due to its small wavelength with respect to the 6 km × 6 km × 2 km inversion grid, there is no tomographic evidence of a basement depression beneath the Kumburgaz Basin. To the south, the basement expression of the Central High is interrupted by a second narrow basement depression of where the basement depth reach down to 4 km depth. This depression may form the limit of the tilted basement blocks documented in MCS data, at the southern limit of the NMT. However, there is no tomographic evidence for these tilted basement blocks, which do not necessarily correspond to a unique iso-velocity contour. The tilted blocks were most probably imaged thanks to their impedance contrast on the MCS profile.
Contrarily to Central High, no basement high was found beneath the bathymetric expression of Western High. The Tekirdag and the Cantral Basins appears thus linked, forming one large basement depression of rhomboidal shape where the basement depth reaches down to 6 km below the seafloor.
The final 3-D Vp heterogeneity model provides a realistic initial model for future LET studies in the Sea of Marmara. The use of a 3-D upper-crustal Vp heterogeneity model in LET studies, might improve earthquake locations by taking into account the sedimentary thicknesses not only locally beneath the OBSs, but in three dimensions. Together with the Moho depth obtained by the wide angle study (Bécel et al. 2010) , the basement topography presented here offers the possibility to consider locking depth variations in future geomechanical modelling for geohazard estimation. As for the map of the sedimentary thickness, together with the active faults imaged by the MCS, it might bring new information about the present activity and evolution of the Marmara Sea's features.
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A P P E N D I X : T H E C H O I C E O F T H E C O N T RO L PA R A M E T E R S
Control parameters like the maximum velocity adjustment allowed per iteration (dvpmax), the damping factor and the number of iterations have been chosen by analysing them all together.
First, several inversions of large number of iterations (20 iterations) have been run with different values of dvpmax (1, 0.5, 0.25 and 0.1 km s -1 ). At first iterations, inversions with larger dvpmax value have produced large decreases in the data variance by increasing too much the model complexity in comparison to those with smaller dvpmax value. Since the resulting velocity model of one iteration step is used as initial model for the next iteration step, at the subsequent iterations, inversions with larger dvpmax value yield local minima, whereas the ones with smaller dvpmax value continued to fit the observed data by small changes in the model complexity. As a consequence, a maximum velocity adjustment per iteration of 0.25 km s -1 has been applied to the following inversions since it offers a good compromise between the convergence and the required number of iterations.
Secondly, the effect of the damping factor, which is the parameter that provides a relative weighting between the data residuals and the model perturbation has been analysed with respect to the chosen velocity adjustment. Instead of choosing the damping value as commonly found in the literature (Eberhart-Phillips 1990), we analysed trade-off curves of the model variance versus data variance with different damping values, for 20 consecutive iterations (Fig. A1) . Inversions with smaller damping values stopped before the 20th iteration with the F-test criterion. None of the tested damping values yield a smaller final data variance than the expected variance due to the reading error (0.002 s 2 ). The finite parametrization of the medium imposed by the size of the data set and the survey geometry is the reason why regardless to the damping value, the final data variance remain larger than the estimated variance due to the reading error. The analysis of trade-off curves has shown that, there is more than one damping value with which the increase of the model complexity is justified with a data fit. The required number of iterations depends of course on the damping values and has to be chosen accordingly (Fig. A1) . In order to choose the optimum damping value and the corresponding required number of iterations, this analysis has been repeated for each tested initial model.
S U P P O RT I N G I N F O R M AT I O N
Additional Supporting Information may be found in the online version of this article: Figure S6 . (a) The ray density (NHIT), (b) the ray crossing (DWS) and (c) the diagonal element of the resolution matrix (RDE) distributions along the profile SM36, shown in Figs 8(a) and (b) . Yellow triangles represent the OBSs along this profile. The seafloor bathymetry is represented in blue. 4.2 (in green) and 5.2 km s -1 (in blue) contours are used as visual guides for pre-kinematic and crystalline basements, respectively. Red (RDE = 0.2) and black (RDE = 0.05 contours represent the areas with good and fairly resolution, respectively. Vertical exaggeration: 3. Figure S7 . (a) The ray density (NHIT), (b) the ray crossing (DWS) and (c) the diagonal element of the resolution matrix (RDE) distributions along the profile SM8, shown in Figs 8(c) and (d). Yellow triangles represent the OBSs along this profile. The seafloor bathymetry is represented in blue. 4.2 (in green) and 5.2 km s -1 (in blue) contours are used as visual guides for pre-kinematic and crystalline basements, respectively. Red (RDE = 0.2) and black (RDE = 0.05 contours represent the areas with good and fairly resolution, respectively. Vertical exaggeration: 3. Figure S8 . (a) The ray density (NHIT), (b) the ray crossing (DWS) and (c) the diagonal element of the resolution matrix (RDE) distributions along the southern E-W profile, shown in Fig. 9 . Yellow triangles represent the OBSs along this profile. The seafloor bathymetry is represented in blue. 4.2 (in green) and 5.2 km s -1 (in blue) contours are used as visual guides for pre-kinematic and crystalline basements, respectively. Red (RDE = 0.2) and black (RDE = 0.05 contours represent the areas with good and fairly resolution, respectively. Vertical exaggeration: 3. Figure S9 . (a) The ray density (NHIT), (b) the ray crossing (DWS) and (c) the diagonal element of the resolution matrix (RDE) distributions along the N-S profile SM5, shown in Fig. 10 . Yellow circles represent the OBSs along this profile. The seafloor bathymetry is represented in blue. 4.2 (in green) and 5.2 km s -1 (in blue) contours are used as visual guides for pre-kinematic and crystalline basements, respectively. Red (RDE = 0.2) and black (RDE = 0.05 contours represent the areas with good and fairly resolution, respectively. The inversion nodes are shown in black crosses. Vertical exaggeration: 3. Figure S10 . (a) The ray density (NHIT), (b) the ray crossing (DWS) and (c) the diagonal element of the resolution matrix (RDE) distributions along the N-S OBS-line 3 shown in Fig. 11(a) . Yellow triangles represent the OBSs along this profile. The seafloor bathymetry is represented in blue. 4.2 (in green) and 5.2 km s -1 (in blue) contours are used as visual guides for pre-kinematic and crystalline basements, respectively. Red (RDE = 0.2) and black (RDE = 0.05 contours represent the areas with good and fairly resolution, respectively. Vertical exaggeration: 3. Figure S11 . (a) The ray density (NHIT), (b) the ray crossing (DWS) and (c) the diagonal element of the resolution matrix (RDE) distributions along the E-W tomographic section at the latitude 40.8218
• cutting across the deeper part of the basins, shown in Fig. 12 . Yellow circles represent the OBSs along this profile. The seafloor bathymetry is represented in blue. 4.2 (in green) and 5.2 km s -1 (in blue) contours are used as visual guides for pre-kinematic and crystalline basements, respectively. Red (RDE = 0.2) and black (RDE = 0.05 contours represent the areas with good and fairly resolution, respectively. The inversion nodes are shown in black crosses. Vertical exaggeration: 3 (http://gji.oxfordjournals.org/lookup/suppl/ doi:10.1093/gji/ggt211/-/DC1).
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